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FEFEECS OF I Y 9 L E Z - A I R - F L o W  DISTORTION ON STEADY-STATE ALTITUDE 

PERFaRMANCE OF AN AXIAL-FZOW TVRBWLT ENGIBE 

By E. William  Conrad, Morgan P. Hanson, and John E. McAulay 

SUMMARY 

The  effects of Wet-air-flow distortion on the  steady-state  per- 
formance of a current  axial-flow  turbojet  engine  were  studied in an NACA 
altitude  test  nhFlmber at altitudes from 15,000 to 50,000 feet  at a simu- 

up to 22 percent  of  the  average  engine-inlet  total  pressure and circum- 
-4 Lated flight Mach number of 0.8. Radial distortions of various shapes 

rl ferential  distortions up to 26 percent  were  imposed. Data were obtained 
H" for  operation  with the variable-position  inlet  guide  vanes in both the 
0 open  and  closed  positions  wTth  rated  exhaust-nozzle area and for  the  ex- 

haust nozzle  open with the guide  vanes fn the  open  posltion. 

Percentagewise,  the  pressure distortions were  reduced  markedly in 
passing through the  campressur;  however,  the  distortions  created  temper- 
ature  gradients  -khat  persisted  through  the  turbine. 

The effect of inlet  distortions on nl&3dllIM1 thrust was found  to  be 
different for the  two  identical  engines  used in this study. On one en- 
gine, the - thrust was reduced 14 percent as a result of a reduc- 
tion  in  engine  speed required to avoid damage to  the  turbine-inlet sta- 
tors f'rm l oca l  overheating when the  distortions  were  imposed.  The  ef- 
fects on the other  engine were smaller, and it was found that  the  amount 
of such derating  required  depends  upon  the  turbine  temperature  pattern 
when operating with no distortion. 

I 

At  intermediate engine speeds,  the  compressor  efficiency and air 
flow  with open inlet  guide  vanes  were  markedly  reduced  with radial dis-  
tortions,  and  surge  occurred  at  steady-state  operating  conditions In 
most  cases.  This  area of seriars difficulty, however, is normally 
avoided in flight  by  the  controlled  schedule of guide-vane  position as 
a function of engine  speed. 

As a result of the  inlet-air-flow  distortions,  the maxfmum measured 
value of Hbratoqy stress in the  compressor  first-stage  rotor  blades was 
increased f'rm &l5,000 to &7,000 pounds per square inch. For both dis- 
toreed  and  unaistorted  cases,  the high stresses  were  excited by the  oc- 
currence of rotating stall. 
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INTRODUCTION 

In virtually  every  submerged  turbojet-engine  installation,  the 
inlet-air  duct  must  be  designed  to pass around the  cockpit or other 
items  of  equipment.  This  results  in the duct  having  curves and bends 
rjhich, in turn, may cause  separation  of  the  flow. Flow separation may 
also occur  in  either  submerged or nacelle-type  installations at off- . 

design  mass-flow  ratios or high angles of attack.  These  regions of flow 
separation  result  in  nonuniform  distribution or distortion  of  the  air 
flow  entering  the  canpressor. In addition  to  the  large  performance 
losses  associated with the  reduction in average  pressure recwery (which 
may easily  be  calculated),  the  internal prformance of the  engine may 
also  be  reduced. .. . .. . - - .. . _ "  

In the  first study on a i r - f low distortion  conducted at the NACA 
Lewis laboratory  (ref. l), the  distortion  effects  were found to be  neg- 
ligible  for  the  range of conditions  covered;  however, a subsequent s t ~ d y  
using  larger  distortions on a different  engine  (ref. 2) showed net- 
thrust  losses on the  order  of 25 percent. In view of these  serious 
losses, a continuing program wa0 instituted  to  assess the effects of 
air-flow  distortion on mrious engines.  The  effects  of  different  shaped " 
circumferential  distortions on a third engine  are  given  in  references 3 
and 4.  The study reported  herein  is  concerned wtth the  effects on per- 
formance and compressor  blade  vibratory  stresses of a fourth  current 
production  engine. " - 

C 

On the  basis  of  existing  data  pertaining  to  air-flow  distortion in 
flight,  it w&s not  possible  to  decide upon a generalized shape or pat- 
tern o f  pressure  distribution for the  tests.  Accordingly,  it was de- 
cided to study  the  effects of the fallowing types of pressure  profile: 

(1) Uniform  (to  afford a basis  of  comparison) 

(2) Radial (low  pressure  near  comgressor  blade  tips) 

(3) Inverse (low pressure  near cqressor blade  hub) 

(4) Circumferential  (pressure  variation around circumference of 
compressor  inlet 1 

(5) Mlxed  (canibinations of 2, 3, and 4) 

The largest  distortions,  22-percent radial and  26-percent  circum- 
ferential,  were  slightly  larger  than  those  expected  in  flight,  excluding 
some  isolated  cases  resulting from unusual operating  conditions. The 
performance  of the subject  engine  with a uniform inletpressure profile 
is given in reference 5. 

c 
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The effects of distortion.were  assessed Kith respect t o  canpressor 
+ surge limits, aerodynamic conditions within the engine, component per- 

formance, wer-all engine performance, and compressor blade  vibration. 
The first  two items are discussed i n  reference 6, and the las t   three  are  
covered herein with sufficient aerodynamic information t o  a id   in  ex- 
7laining the observed results. 

The variable  inlet guide vanes of the engine  used far this study 
w ...-er e  scheduled t o  move from a  closed t o  an open position at an inter-  
lb inediate  engine-speed. For this study, however, data were obtained over 
IP a complete range of corrected  engine speed6 with both open and closed 
cn 

i - d e  vanes. With the guide vanes open, &ta _were also obtained  Kith 
the exhaust nozzle open as w e l l  as  at   the  rated  area.  The investigation 
covered a  range of alt i tudes frm 15,000 t o  50,000 feet at a flight &ch 
number of 0.8. 

.*I WGINE awD IXSTAL;LATION 
% i 

4- stal led i n  the  a l t i tude  tes t  chamber:  The engjne is in the 3ooO-pound- 
d 
P The engine  used i n  this investigation is  shown i n  figure 1 in- 

6 thrust  class with a  rated speed of 7950 rpm and a  rated  tx&bine-outlet 
temperature of U S 5 O  F. It was ccarq?rised of a 12-stage Ewdal-flow can- 
pressor,  a  cannular combustor xith 10 can-type Uners, a two-stage tur- 
bine, and an exhaust  nozzle. A variable-area &&aut nozzle was used 
during the study reported herein. The important compressor p8xameters 
are : 

Inlet  hub-tip  ratio . . . . . . . . . . . . . . . . . . . . . . .  0.455 
Pressure r a t io   a t   r a t ed   cnnd i t im  . . . . . . . . . . . . . . .  7.0 
A i r  f l o w  a t   ra ted  speed,  lb/sec . . . . . . . . . . . .  . . . .  142 
Rated engine 6 p e e d , ' p  . . . . . . . . . . . . . . . . . . . . .  7950 

In order t o  provide  angle  surge margin a t  reduced  engine  speeds, 
the engine was equipped wtth variable-position  inlet guide vanes which 
rotated 30° frm the  closed to open position. The guide vanes  were 
scheduled t o  begin opening st 6000 t o  6300 rpm and t o  reach the open 
posi t ion  a t  7000 t o  7300 rpm; the  qeposite was true as the speed de- 
creased. For this investigation, however, manual operation of the vanes 
was substituted. 

Because an instrumentation  failure  extensively damaged  one englne 
part way through the  investigation,  a second engine of the same produc- 
tion  configuration was used t o  ccanplete the program. Slight  differences 

therefore  designated when specific  results are given. 
i n  performance and distortion  effects were found, and the engines me 
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As shown in figure 2, the englne was mounted on a thrust stand  in 
a 14-foot-diameter altitude test  chamber.  High-pressure i.am air was 
brought  to  the  engine.by means of a bellmouth  inlet  and a duct  which r;- 
passed  through the front bulkhead and  connected  directly to the engine 
inlet  (fig. 3). A labyrinth  seal'between  the  duct and the bulkhead was 
used to pemnft  engine  thrust  measurement.  The.  fkont  bulkhead  separated 
the  high-pressure ram air f 'rom the  low-pressure  environment  being =in- 
tained  in  the  test  chamber area the  engine. Dry refYigerated  air was 
supplied  to  the  engine f'ram the facility  air  supply system. 

- 

=i: 
In 
rr) 

INSTRIJMENTATION 

Steady-state  Fnstrumentaticra  used to determine  the  camponent and 
over-all  performance was installed  at  the  stations  indicated In fig- 
ure 3 .  Details of the  instrumentation locat ions are given in figure 
4. Pressures  were  measured on alkazene;  water, or mercury-filled ma- 
nometers  and were photographically recorded.  Temperatures  below 700° F 
were  measured  by iron-consthnW theSocouj?leE;.%€gher- 4%i~@eratuies were 
measured  with  chrmel-alumel  thermocouples. hel flow w&s measured by 
the d e  of  calibrated  impeller-type  flowmeters,  and  the  values  were  pe- 
riodically  checked by meam of rotameters. 

. . 1- .. 
". .. 
" . 

I. - 
Qualitative meamemmts of air-flow  fluctuations  associated with_-. 

stall ard sufge  were"oobIiaine21' X%h hot--wirey &ien;lciinehrs 'Gt were "in- 
stalled at variable imnersiorts In the  lSt,  6th, ahd 12th etator rows of 
the  compressor.  The  signals,  which  are  functions of l o c a l  mass flow, 
were  recorded on hi&-speed  photographic  paper by a multiple-channel 
recorder. This instrumentation was not  calibrated to give  quantitative 
data. 

.. - "" 

Rotor-blade  stresses  in*the lst .and 6th stageg were determined  with 
the  device  described  in  reference 3. This device  comprised a magnet 
mounted  in  the  tip of a rotor  blade  and a coil of wire on the  inside of 
the  campressor  casing in the  plane of rotation.  Vibration of the  blade 
produced  variations Fn the flux and  hence in the  output  signal *am the 
coil. This signal,  calibrated  ataticeilly wtth an identicd blade, -6 

recorded on the  multiple-channel  oscillograph. The output of the strain 
gages on the  stator blades in  stages I, 3, 5, 7, 9, and U was s i m i l a r l y  
recoTded. 

The distortions were produced by  various  cambinations of screens 
installed  in a plane 17 inches ahead of the  inlet  &de  vanes. The 
fine  mesh  screen  segments or rings  were  supported on a 1/4-inch  mesh 
screen which covered  the  entire f l o w  anrmlus. The  1/4-inch  screen 

- ... 
- 
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was , i n  turn, supported by a number of 1/8- by l-ixch steel struts. The 
mesh sizes and shapes needed t o  give the desired distortion were deter- 

the average readings of 64 total-pressure  tubes  behind the screen at the 
carpressor inlet. Lnlet  pressure was s e t   t o  sFmulate complete ram- 
pressure recovery a t  a flight Mach  number of 0.8. 

J Iqined by t r i a l  and error. A v e r a g e  ram or inlet  pressure was based on 

. .  

, Complete engine performance data were obtained with no distortion 
and wLth each distortion (unless noted) over a range of corrected  engine 
speeds fYam about 4800 t o  8 m  rpm at  the following conditions: 

1 

Altitude, Ekhaust-nozzle Inlet-guide-vane Flight Mach 
ft' area position nmber, M 

35, om 0.8 

Rated Closed 0.8 35,000 
open open 0.8 35,000 
Rated open 

a l 5 , m  0.8 Open Rated 
~50,oO0 0.8 Rated open 

&Not obtained with engine 1. 
d 

During the program it.was discovered that the direction of change 
(increasing o r  decreasing speed) affected the data. Accordingly, each 
operating line was obtained thereaf'ter with half of the data points ob- 
tained  in.an Fncreasing-s-geed direction and half i n  a decreasing-speed 
direction. The rated  position of the e%haust K>zzle was taken as that 
which produced military temperature at rated speed with no distortion 
a t  an alt i tude of 35,000 feet and a fUght number of 0.8. The 
open position of the exhaust  nozzle  corresponded to an area -13 percent 
greater  than  the rated area. Inlet-air temperature varied from 20° t o  
70° F; however, a l l  data are adjusted t o  standard  pressure and temper- 
ature values  unless  noted. Throughout the program the fuel used was 
MIL-F-5624A grade JP-4. 

A s  mentioned i n  the mODUC!!I?ION, no general shape o r  pattern was 
found i n  existing data t o  simulate the various dlstortions &sting in  
present airplanes or expected on the basis of model t e s t s .  With the 
exception of unusual operating  conditions (such as a twin-pod instal-  
lation at  supersonic speed with one engine inoperative), a maximum dis- 
tortion of 15 percent for subsonic flight and 20 percent fo r  supersonic 
f l ight  covered the peat majority of the cases. In order t o  provide a 
systematic  basis for the investigation, four distortion shapes were se- 
lected as follows: 

t 
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(2) Radial ( l o w  pressure near blade t i p )  

(3) Inverse {low pressure near blade hub) 

(4) Mxed (cambinations of 1, 2,. and 3) 
_I_. 

The shapes of the  distortions produced by t h e   s c r e w   a r e  s h m  fn 
Figure 5 for operation at rated corrected  engine speed. The circumfer- 
ential   distortions  (fig.  5(a)) were intended to have a Binusoidal shape. 
Despite  the poor s" t ion ,   the  shape factor was not considered suffl- 
ciently inrportant t o  warrant further  attempts at achieving a better s l -  
nusoidal  prof'ile. The radial and inverse  digtortion  6hpe6, figure 5(b), 
vere varied somewhat i n  the spmwise direction. 

Inasmuch a6 the  pressure drop across 8 scPeen is a function of air 
flow, the magnitude of the distortions m f e d  with engine speed as shown 
i n  figure 6 .  This a r i a t i o n  with speed is  probably different than the 
trends obtained with installed englnes where distortions &re strongly 
affected by duct M e t  velocity  ratio or shock system.  Thus the a s -  
tortion  existing a t  each speed should be borne i n  inind when the  effects 
o f  these  distortions over a range of speeds are considered. 

To aid is ident t f icat ion of the  distortions during the remainder 
of the report, an identification system camposed of  a l e t t e r  and a nun- 
ber has been chosen. The l e t t e r  denotes the shape of the  distortion, 
and the number denotes  the magnitude a t   ra ted  corr+ed_ellgirLe speed. 
~ h u s  R-17 denotes a ~ a a d  dist&iOn -LaF~iG"XjGessure variation of 
1 7  percent a t  rated-speed. The clistorkians covered by t h i s  iwestiga- 
t ion  are given i n  the following table: 

NO. Type 
C - 2 1  

Circumferential C-26 
Circumferential 

R- 11 Radial 
R-13 Radial 
R-17 ' 

R-22 Radial 
1-14 Inverse 
1-16 Inverse 
M- 1 2  Mixed 

"15 Mixed 

1 
1 and 2 

2 
L and 2 
1 
1 
2 
2 
2 

i 

1 

Distortion shape 
See f ig .  5 
See f ig .  5 
See f'ig. 5 
See f'ig. 5 
Similar shape t o  R - l l  
Similar shape t o  R - l l  
See fig. 5 
See fig. 5 
S i m i k  radial shape 
t o  I-l6 in distortian 
area 

Similar radial shape 
t o  R - l l  Fn d i 6 t O I ' t i O r l  
area 

f 
VI m 

t 



NACA RM E55A04 7 

I 

RESULTS AUD D I S r n I O N  - 

Because of the  explmatory nature of the investigation, a large 
quantity of data was taken. All the data were plotted and carefully 
examined, and the  over-all  effects on performance are given. Eowever, 
only those data that show significant trend6 are discussed in   detai l .  
The  main body of the  report has been arranged t o  answer the  following 
questions in order: 

rl 

(1) How far through the engFne are distortion  effects propagated? 

(2) what are the effects on compressor interstage performance and 
stal l   character is t ics?  

(3) What are the effects on over-all component performance? 

(4) What are  the  effects on over-all engine performance? 

(5) What are the  effects on compressor blade vibratory stress? I 

c Propagation through e m n e .  - Typical effects of various distortion 
shapes an the temperature and pressure  profiles st the compressor inlet 
and outlet and the turbine  outlet are shawn in figures 7 and 8. These 
data  represent  operation a t  about rated engine  speed with rated exhaust 
nozzle and  open in l e t  &de vanes. Ln order t o  demonstrate the effect 
of imposing the distortions,  the data are presented i n  terms of the ra- 
t i o  of' l o c a l  t o  average  pressure  with  distortion  divided by a sFmilar 
r a t i o  without  distortion. Temperatures are  treated s i m i l a r l y .  

It i s  seen from figure 7 that the large  circumferential  pressure 
distortion  existing at the campressor inlet nearly  disappeared i n  pass- 
ing through the ccanpressor. Similarly, the pressure  profile at the tur- 
bine  outlet showed a total   variation of only 2 percent. Each  symbol 
represents the average  value fran four radial rakes. The introduction 
of the  distortion, however, produced a 7-percent variation  circmferen- 
tially i n  the coqressqr-outlet teqerature. This tempera.ture distor- 
t ion was probably largely the resul t  of the ciqcumferential  variation 
i n  ccunpressor pressure r a t i o  present with the aistortion. The temper- 
ature  pattern increased slightly t o  9 percent i n  ampUtu& i n  passing 
through the combustor and turbine. Similar effects  are noted in   refer-  
ences 2 t o  4 on different engines. 

The propagation of radial  and. inverse  distortions through the en- 
gine I s  shown in figure 8. It should  be  noted %hat much larger scales 
are used a t  the compressor outlet and turbine  outlet than at the cam- 
pressor  inlet. For the radial distortion,  the  pressures a t  the compres- 
sor outlet w e r e  virtually the same as for no distortion. The 16-percent 
inverse  distortion produced only about a 1-percent change i n  t o t a l  
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pressure  at  the  compressor  outlet. In neither  case  were  pressures  at 
the  turbine  outlet  appreciably  affected.  Hence, for a l l  practical pu2- Li 

poses,  the  pressure  distortion in both  cases disamears in the  compres- 
sor.  Just  as  in  the case of-the circutnferential  distortion,  temperature 
gradients  were  produced  at  the  compressor  outlet w-hich were  identifiable 
with the  distribution of compressor  pressure  ratio.  The  size of the 
temperature  distortion,  however, was much  smaller  than  that  produced by 
the circumferential  distortion.  The maximum change in profile  at  the f :  

carpressor  outlet was an increase of 1.6 percent and occurred  with  the 
radial  distortion. .The maximum change  at  the  tsrrbine  outlet was about 3. 
2.3 percent,  occurring  with  the  inverse  distortion, ... . - -  In trl 

." . - - - .  

The  ratio  parameters  used  in  figures 7 and 8 were  selected  to il- 
lustrate  the  shifts  in  profile  resulting frcm the  distortion. In the 
consideration  of  materials,  however,  the  absolute  temperature values 
at  the  turbine  are  of  more  importance than the shirt. The  effects of 
these  distortions on engine  performance as limited by high  local  tem- 
peratures will be  discussed iri l j l  later  sectto-n. I 

In figmes 7. atria 8, it i s  seen. t.&t the. pressure  distortions 
largely  disappeared i n  passing thxou@;h the  c-mpressor while slight 
shifts i n  temperature were produced. In order to show  the  extent of 
these  profiles  within  the  campressor,  interstage data are presented 
in  figure 9. -It is seen  that  both  radial grid inverse  distortions  in 
pressure  have  disappeared  within  the  flrst four stages. It is proba- 
ble  that  most  of  the  distortion  disappeared i q  the  first or second 
stage;  however,  instrumentation was not  adequate to confirm  this  be- 
lief. Early in the  campressor,  the  radial  distortion  produced a dight 
increase  in  teMperat_ure. near the t ip which persisted  to..  the  ccmrpressor 
outlet.  This-temperature  increase  probably  results ftrom the  increase 
in  pressure  ratio  near  the  tip in the  first  few shges. The  inverse 
distortion  produced-no  significant shift..& iqterstE2ge.tenrperature 
distribution. 

.. - . .. 

. .. 

Canpressor-interstage  performance and stall. - The  carpressor- " 

interstage  performance  and  stall  characteristics  are of interest  in pro- 
viding  some  insight  into  the  reasons  for  the  observed  effects  of  distor- 
tion on the over-all performance of the  campressor. In order to illus- 
trate  the  effects of inlet  distortton on the interstage  performance and 
stall  characteristics,  it  is  necessary  to  review  briefly some of the 
characteristics of the  compressor  with no distortion  reported in refer- 
ences 6 and 7. Although  operation  with  the  guide vanes open  at low en- 
gine  speeds  does  not  occur  in  cgntrolled-enfflne  op.eratlon.  because  of  the 
guide-vane  schedule  used,  the  campressor  dharacteristics in this  area 
are  of  considerable  interest  to  those  engaged in c.mpressor design and, 
hence,  are  given full consideration. 
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As shown by the discontinuities  in  figure 10, three  distinct modes 
of operation occur wLth the inlet guide vanes in   the  open position. A t  
corrected  speeds b e l o w  about 5800 m, the compressor i s  in t i p  stall 
( s t a l l  a t  t i p s  of blades i n  cmpressor  stages 1 to 4) .  In the speed 
range f r o m  amr_oxirnately 5800 to about 6600 rpm, rotating stall exists 
and a t  higher speeds operation is  s tdl-Sree.  The rotating stall con- 
s i s t s  of  one stalled &rea near the t i p  rotating a t  0.50 of the engine 
speed. This ro ta t ing-s td l  mode of operation  appears t o  be a transition 
between the other two regions. The overlap of the segments i s  due to 
hysteresis. When speed i s  padually decreased frm rated,  stall-free 
operation  persists to a speed of 6200 rpm before rotating stall suddenly 
cmences; however, when speed is gradually-increased i n  the rotating- 
stall region,  stall-free  operation does not occur u n t i l a  speed of 6550 
rpm is reached. Decreases in Reynolds number (increases  in  altitude) 
caused the rotating-stall  zone to shift to slightly higher speea  and 
t o  exist  over a narrower speed range. 

As shown by the dashed line, operation with the in l e t  guide vanes 
closed eliminated both  rotating stall and t i p  stall in this range of 
speeds, resulting in  a single Continuous operating line.  Closing the 
guide vanes resulted fn both Ngher air flow and efficiency at l o w  en- 
gine  speeds. The effects of inlet-guide-vane  position on the character- 
i s t i c s  of this engine are discussed in detail in reference 8. Inasmuch 
as the guide vanes are scheduled to modulate from closed' t o  open in the 
speed range from about 6000 t o  about 7000 rpm, the schedule would avoid 
both stall regions  during normal engine  operation  except under unusual 
conditions such as a very  hot (100' P) day a t  sea level, Mach 0.75, and 
an  uncorrected engine speed of 7000 rpn. Thus, the open-&&-vane 
characteristics a t  low speeds are primarily of interest  to those con- 
cerned with ccanpressor or  control  design. 

The effects of radial and inverse  distortions on the characteris- 
t i c s  of the f i r s t  group of st-ages (I t o  4) are shown i n  figure 11, where 
the pressure  coefficient i s  plotted as a function of the f l o w  coeffi- 
cient. W i t h  closed M e t  &de vanes (fig. I l (b)  1 the  chezacteristics 
are very sbnilar for operation  with no distortion or with a radial d i s -  
tortion,  the only exception being the reduced pressure  coefficient fo r  
the lowest speed point with radial distortion. This reduction may Fn- 
dicate the presence  of s ta l l  uithin the stage group. The inverse  dis- 
tort ion caused a shif't t o  both higher pressure  coefficient and flow co- 
efficient  for  operation at  constant  corrected  engine speed. The exph- 
nation for this shift probably l i e s  in a shift @I the blade-element 
loading  along  the span; however, analysis is  not possible because the 
necessary assumption of radial equilibrium of the flow leaving the inlet 
guide vanes is probably-not valid in the presence of these  distortions. 
It is significant that no discontinuities  or breaks occurred in these 
characteristic curves. 
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I n  contrast, sharp breaks are  apparent Fn a U  three curves f o r  op- 
eration  Kith the in le t  guide vanes open ( f ig .  U(a) ) . These breaks are 
due t o  the occurrence of ro t a t ing   s t a l l and   t i p  stall j u s t  discussed. 
The region of rotating s t a l l   i s  deQoted  by the shaded area. Broken 
lines and arrows are used t o  denote hysteresis  associated with direction 
of  approach. There is l i t t l e  effect   of.dIstortion  at   ei ther high speeds 
(stall-free) or  low speeds ( t i p  stall); however, the  dlstortion caused 8. 

s h i f t  in   the speed range  occupied by rotating stall. The radial distor- 
tion  shifted  the  region of rotat- s tall  t o  higher speeds, resulting in 
a peak pressure  coefficient of 0.30 a t  a corrected speed of 6600 rpm as 
compared with a value of 0.32 a t  6000 r p m  for the undistorted  case. The 
inverse  distortion had the  opposite  effect,... shif'ting the  region of ro- 
t a t ing   s ta l l   to  a lower speed range and. alloiring higher peak values of 
pressure  coefficient. With the  inverse  distortion,  the peak pressure 
coefficient was 0.336. . .  

Because of the serious  effect of the radial distortion shown i n  
figure ILL with open guide  vanes, the  effect of radial  distortion an the 
blade-element characteristics m s  examined throughout the remainder of 
the compressor. %e  most significant  effect was found i n  stages 8 t o  
10, although it may have been due t o  cumulative effects   in   ear l fer  
stages. 

In  figure.12  me shown typical  effects o f  r5dial distortions on the 
blade-element performance characteristics of this group. - In the  direc- 
t ion of increasing speed shown by the  solid  line In figure E ( b ) ,  the 
root-element p e r f m c e  deteriorates very rapidly  in  the  rotating-stall 
region a t  speeds above about 6700 rpm where the dlstortion amplitude wa6 
7 percent. !Thie deterfaration TB acccmpanied by the appemance of a 
very  severe rotating-stall  segment at the roots in the sixth s-tage wbich 
does not occur for no distortion or inverse  distortion. Further, very 
gradual increases i n  engine speed result i n  severe  surge during essen- 
tially  steady-state  conditions a t  a speed of 7100 rp where the mpli- 
tude of the  distortion was 9 percent. Higher speeds cannot be obtained 
without @&-vane adjustment. This speed limitation would limit the 
thrus t  of the engine t o  about 38 percent of the  rated value i f  encoun- 
tered  in flight; however, because of the guide-vane schedule  used, it 
will occur rarely, i f  at  all,   for  the  mplutudes  (including speed effect  
{fig. 6 ) )  and shapes investigated. ~n regard to this -tation of 
speed due t o  surge a t  steady-state conditions, four other  observations 
are noteworthy: 

(1) The limitation did not always occur with radial   distortions 
having an amplitude of 17 percent or less at rated speed. 

( 2 )  The limit wa0 avoided by setting  the guide vanes only R f e w  
degrees  closed. 

5 
3 
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(3) By closing  the guide vanes, gcrlng to *ted speed, and then 
opening the guide vanes, pormal operation was obtained over the speed 
range fYm corrected speeds  of 6800 t o  8000 rpm (broken curves  of 
f ig .  12(b)). 

4 

(4)  The undistorted engine showed tendencies t o  border on this con- 
dition of surge a t  an alt i tude of 50,000 feet. 

Effects on component performance. - A careful examination  of the 
data on combustor and turbine  characteristics -wed no discernible 
effect af distortion on the performance of these components, although 
the ccuupressor perfarmance was affected. Accordingly, anly the data 
on campressor characteristics will be shown. Typical data are shown 
in  f igures =(a) and (b) for the following operating  conditions:  in- 
l e t  guide vanes open; altitude, 35,000 feet; flight Mach number, 0.8; 
and direction of speed change, increasing. It i s  seen that the data 
separate In to  two distortion groups: (I) radial and mixed radial and 

range  covered, group l exhibit6 lower air flows and mch lower efficfen- 
%! (2)  circumferential,  inverse, and undistorted. Over  most of the speed 
P 
d- 

N cies than group 2, and the occurrence  of  surge  prevents  operation a t  
Ela corrected speeds above about 7100 r p m c  This trend is, of course, t o  be I 

u expected fram tlie severe  rotating stall at the roots of the sixth stage, 
as  discussed  in  connection with figure 12(b). 

In a l l  cases  during this investigation  the performance with mixed 
distortions behaved according t o  the trend of perfamame with the ra- 
dial cmponent, that i s ,  a mixed distortion of the circumferential and 
radial  type would affect  performance in the same manner as a pure radial 
distortion. Performance with grq 2 (circumferential and inverse dis- 
tortion) follows the trend of performance with the undfstorted  configu- 
ration.  men though the radial  component of a mixed distortion had the 
predominant effect on the engine investigated, it should be noted that 
other  engines-my be m a r e  susceptible to circumferential than radial  
distortions. In such an engine, the effects of a mixed distortion would 
then be governed by the  circumferential ccmponent rather than the radial. 

A s  noted ea rue r ,  operation a t  rated speed was possible with the 
radial distortion i f  the guide vanes were closed t o  allow acceleration 
and then opened st high speed. The data then  obtained in   t he  order of 
decreasing speed, figures U ( c )  and (a), show sanewhat lower efficiency 
a t  high speed for  the radial distortiops  but about the same air flow as 
the  undistorted case. A t  speeds below about 6600 rprn, the  trends are 
similar t o  those for increasing speed. 

The typical  effects of radial  and inverse  distortions on the corn- 
pressor  characteristics with the in l e t  guide vanes closed  are  given i n  
figure 14 for  operation at  an al t i tude of 35,000 feet and a flight Mach 
number of 0.8. Because of the ellmination of both rotating stall and 
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tip  stall  by closingthe guide  Vanes,- no discontinuities  occur.  The 
only significant  effects  of  these  distortions a r e  (1) with  the  inverse 
distortion  there  is a sllght  increase in efficiency  at l o w  engine  speeds 
and small increase in air f low at all speeds  and (2 )  with  the radial. . 

distortion  there  is a decrease in efficiency  at high speeds and very 
low speeds. . .. - 

L .  

. .  
." - 

Effects on over-all  engine  performance. - In regard  to  over-all  en- 
gine  performance,  perhaps  the most significant question is, "What  are 
the  effects of various  distortions on the maximum safe  thrust  and  on  the 
corresponding  specific f'uel consunption?" Warn the  relatively small ef- 
fects of distortion  on  the  component  performance, a6 discussed  in  the 
last  section,  it  might  be  expected  that  the  predaminant  effect on maxi- 
m thrust  would  be  associated with the shift in temperature  profile at 
the  turbine,  as  shown in figure 7. The  circumferential shif't shown in 
figure 7 was much Larger than the change in average  radial  temperature 
profile  shown  in  figure 8. Thus it i s  likely that the turbine  stator 
diaphragm  would  be  more  adversely  affected  than  the  turbine  rotor  blades 
by  the  introduction of a distortion  at  the  engine  inlet. It should  be 
noted  that  the radial and inverse  distortions also produced  circumfer- 
ential  temperature shifts similar to  the  effect  shown in figure 7. The 
stator  diaphragm,  then,  rather  than  the  rotor  blades would be  expected 
to  impose a limit-on the  maximwp..safe  bulk gas temperature at the 
turbine. . .  .. . 

As  discussed in reference 3, shifts in the  turbine  temperature  pro- 
file, resulting *om distortions  in  the flow at  the  engine  inlet, can 
produce  local  areas of excessive  temperature and destroy  the  turbine 
stator diaphragm. Accordingly,  corrected  engine  speed,  corrected  net 
thrust, and corrected  specific  fuel consuptian are shown for  the vari- 
ous distortions as flmctions of the  local maximum gas tqerature st the 
turbine  outlet in figure 15. Turbine-inlet  temperature should, of 
course,  be  used to indicate  safe  turbine  operating  conditions;  however, 
because of the  difficulty in obtaining  accurate  measurements  at  the  tur- 
bine  inlet,  measurements at the  turbine  outlet were used.  Ekperience 
with  other  engines has indicated  that  temperature  peaks  are usually at- 
tenuated  in  passing  through  the  turbine.  Accordingly,  the  required  per- 
formance  derating shown in  figure 15 is probably  conservative.  The 
quantities are expressed  as  percentages of the  same  quantities  for  the 
engine  operating  with no distor t ion,  and the local maximy temperature 

is  given  as  the  ratio to engine-inlet  temperature p;~) to  eliminate 

small experimental  deviations ia setting the engLne-inlet-temperature. 
Data for  the  first  engFne  are  given in figure =(a) and  for  the  second 
engine in figure l51b). All data axe for  operation  with NACA standard 
conditions at an altitude of 35,000 feet  at a flight Mach  number  of 0.8. 

.. . . .. 

L 
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In general, for the first engine  operating a t  a given lam1 maxi- 
mum temperature, engine speed, net thrust, and specific f'uel consump- 
tion were reduced by the introduction of a distortion. If it is as- 
s m e d  that the engine cannot sa fe ly  tolerate a local turbine temper- 
ature higher than that which eldsted with no d i s to r t ion  (a l oca l  tem- 
perature  ratio of 3.43),  the maxlrmmr safe perromance with the vari- 
ous distortions would he as follows: 

Distortion (Corrected speed, I Corrected net thrust, 

w*,  
percent  of 
undistorted 

Fn/6, 
percent of 

undistmted 

C- 21 
C-26 
R-17 ' 

R-13 
"15 

97.7 
100.0 
96.7 
97.2 
97 .O 

102.4 
93.2 
91.5 
86 .O 
88.2 

Corrected  specific 
fuel consumption, 

Wfbn G, 
percent  of 
undistorted 

101.4 
103.3 
98.3 
97.9 
97 .O 

It is  seen that the mEwdmrrm safe thrust is  reduced 14  percent  for the 
13-percent radial distortion. The larger  derating  required  for  safe 
operation with R-13' as compared with R-17 may have been due t o  the 
difference in the distortion shape. R-17 w&6 similar i n  shape t o  R-11, 
*ich i s  shown along uith R-13 i n  figure 5. The reductions with the 
circunferential (C-21) and mixed distortions were QnaUer but s t i l l  
substantial. The specific fuel consmrption vasied from 97 percent  for 
the mixed distortion, t o  102.3 for  the  largest  cLrcuuferentia1 at rated 
speed. Because the curves of figure =(a> are more or less parallel, 
the absolute  value of maxirmun 1ocal.temperature assmd has l i t t l e  ef- 
fect on the amount of derating -required. 

Similar data for  various  distortions imposed on the second engine 
are given in figure 15(b). If m e c m c a l  speed i s  limited t o  the  rated 
value and the local temperature limit is restricted t o  the maximum val- 
ue f o r  no distortion, the maximmn safe performance i s  as follows: 

Distortion 

percent of percent of 
undistorted undistorted 

, R - l l  

100.0 loo .o C-26 
loo. 0 100.0 1-15 
100.7 100.0 1-13 

95 .O 98.8  R-13 
98.0 99 - 2  

Corrected  specific 
fuel consumption, 

Wf/Fn*, 
percent of 
undistorted 

100.2 
100.5 
100.3 
102.8 
100.6 
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The loss in performance  with t h i s  engine is, in general,  much  smaller 
because  of  differences  in  the  turbine  temperature  patterns of the  two 
engines when operating  with no distartim. This lack of performance 
reproducibility among ppoduction  engFnefl of the  same make and m o d e l  ie 
well known and is  attributed  to  the  difficulty in -achieving perfect 
balance among the fuel nozzles over a wide  range of fuel flows. As an 
example of this effect  the  temperature ahlft resulting f h m  the -0- 
duction of a severe  circumferential  distortion C-26 on the  second  en- 
gine  merely  served  to  "fill a valley"  which  existed in the temperature 
pattern  with no distortion;  whereas on the  first  engine,  the shift pro- 3 
duced  by  the  26-percent  circumferential  distortion  increased a local 
temperature  which was already high, thus  requiring;  derating  to  allow 
safe  engine  operation. Warn these  observations  it is therefore obvious 
that  the mount of derating  requlred to as~ure safe  turbine  operation 
is dependent  upon  the  geemetric  matching  between  the  inlet  distortion 
and the  turbine  temperature  pattern  existing with no di,stortion. Ac- 
cordingly,  the  amounts  of  thrust  derating  given herein are  hcUcative 
only of the amount of derating  that may be  required  and  are  not  neces- 
sarily either  the ma- or  minimum. 

k- 

.- 

v) m 

. ... 

These  data  then serve only to illustrate  the  seriousness of the 
general problem of inlet-air distor t ion on  engine  performgnce and to 
show that the Grahlem is rendered even more difficult  because  the ef- 
fects  cannot  he  generalized, even between  engines of the same  make and 
model.  In  addition,  the  values  quoted are  probably  applicable only as 
measured  by  the  turbine-outlet  temperature smvey; a still  more  campre- 
hensive  survey m y  well have disclosed other  "hot  spots"  agd  hence al- 
tered  these va lues .  

. .. " 

The  radial and inverse  distortions  tended  to-  produce high local 
temperatures  at  some (but not all) circumferential  positions  at  the 
turbine  outlet and hence  required  derating  to  protect  the tubbe sta- 
tor  assembly.  The  clrcumferentially  averaged  temperature  at a given 
radius was not seriously  affected,  however; hence the  turbine  rotor 
blades, wbich 'tfeel't only the  average value at a given radius, did  not 
require  derating of the  engine  ta enrrmre safe operation. 
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Figure 15 may also be usedto  determine the  effects of dlstortion 

eration a t  90 and 80 percent of the rated thrust of the engine with no 
distortion,  the following values of specific fuel consumption were 
obtained: 

* on the  specific fuel consumption at  cruise  conditions. For cruise op- 

. Ehgine I 
Distortion Specific fuel consumption, percent of 

rated  undistorted . 

90 Percent rated thrust 80 Percent rated thrust 
No dis- 
tortion 98 .o 

R-17 
97 -5 101.0 C- 26 
loo .o 100.6 (2-21 
97.3 

97.0  90 Percent thrust not R-13 
91.4 98.5 

"15 90 Percent thrust not 95.5 
possible 

possible 

Engine II 
NO US- 
tort ion 97.5 

99.2  99.5  C-26 
102.3 102.5 1-15 
99.2 99.4 1-13 
98.7 99.7 R-13 
99 -2 99 -2 R-ll 
97.0 

From these tabulated values, it is seen that the effect of these distor- 
tions on the specific fuel consumption ror cruise, although significant, 
i s  small. The largest variation among distortions was only about 
4.5 percent. 

The l o i t e r  condition of 30 percent of rated thrust (no distortion) 
is given in   f igure 16. The absclssa f o r  each bar is  based on 100 per- 
cent  for the mdistorted engine. Although a flight Mach number 09 0.8 
is not representstive of a l o i t e r  condition, data Were not obtained a t  
lower Mach numbers to illmtrate the effects on lof te r  performance; ac- 
cor&i@y, data at 30 percent thrust (fig. 16) should be considered only 
as a rough indication. In thh case, the m&xinnrm increase in  s-pecific 
fuel consumption was about 6 percent, W i e  the maw decrease was - about 5 percent. Thus it is seen that, for the distortions  hvestiga- 
ted, performance penaities, while serious, are not of the same magnitude 
a s  those found in references 2 to 4 for other engines. 
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Effect on msmpressor  blade  vibration. - Aiexamfnation of the 
stress  recards  revealed  that  vibratory  stress  values  were not serious 
in  the  stator  blades nor the  sixth-stage  rotor  blades;  accordingly,  the 
following discussion  is  limited to consideration of vibratory  stress in 
the  first-stage  rota?  blades.  The  sources of excitation  for  the  first- 
stage ro tor  blades &e illustrated  by  the  data of figure 17. The  calcu- 
lated  natural  ftrequency of the  first-stage  rotor  blades is shown by the 
solid  curved  line.  Another  solid  straight  line  denotes  the  second-order 
curve  (twice  engine  speed) fo r  the  engine. Two basic  relative stall 
frequencies  were  obtained,  and  curves  of four times stall frequency  are 
&noted  by  the  broken  lines.  The smol s  denote  the  measured  values of 
blade  f’requency  where  si@ficant  vibration was present.  It will be . 
seen  that  the  measured  Frequencies-agree well with  the  calculated natu- 
ral frequency  and a l s o  that  the  significant  vibration  occurred  near  the 
intersections,  fndicating  that  either  rotating  stall or second-or&r  ex- 
citations  could  be  the  source mechanism. 

The  relative  frequency of the  rotating-stall  segment with respect 
to the  rotor  blades is shown in figure 18(a) for steady-state  operation. 
All data  fell alonga single  s2raight  line  irrespective  of  distortion 
type-.  This  line  shows  the.relative  stall  frequency  to  be  very  close  to 
one-half  the  engine -speed. During steady-state  operation, no rotating 
stall  occurred with the  guide m e s  closed. Similar data ob-Lained  under 
transient  conditions a r e  shown in figure B ( b ) .  Here it is  seen that 
rotating stall at  higher  relative  f’requency  did  occur during transients. 

1 
Lo m 

c 

In  figure  19(a},  values of blade  vibratory  stress,measured  near  the 
blade  root  are show% for  steady-state  operation with open  inlet  guide 
vanes.  The  highest  measured  stress  of;t23,000 pounds per  square  inch 
occurred  with  distortion  at an engine qeed of 6300 indicating, f’rom 
figure 17, excitation by rotating stall rather  than  forced  second-order 
excitation.  Peak  stress  with no distortion was 38 percent lower. Al- 
though no quantitative  data  are  available,  the  higher  stresses with dis- 
tortion may possfbly be  explained by e, lwger change in mass f l o w  (hence 
higher  excitation  energy)  associated  with  the  passage of the stall seg- 
ment  with  respect  to  the  blades.  The data e r e  not  adequate  to  define 
a definite  relation  hetween the stress  peaks and the  type of distortion. 

SFmiJar  data obtained during  transients  are  presented in figure 
19(b). These  data  definitely  establish  rotating  stall  as  the  exciting 
mechanism  inasmuch  as (1) peak stress values coincide with the  lnter- 
section  speeds of .figure 17 for  rotating stall, and (2) high stresses 
were  absent  where  rotating stall was not  present  (fig. 19(a) a% 5400 
r p m )  but were large when rotating stall was present Fn the  same  speed 
range  (fig.  19(b)).  Again  in  figure  B(b)  it is seen  that  the  peak 
stress of &27,500 pounds per sq&e inch occurred with distortion  (not 
the  same  distortion  producing  the  peak in $’ig. 19(a)) and that  peak 
stress  without  distortion was 55 percent lower. 1 -  
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The  seriousness  of  these  stress  values  is  difficult  to  determine 
explicitly  because  of sqerimposed centrifugal  and  torsional  stresses 
(which  are  relatively mu) and  because  the  area  of  strain-gage  at- 
tachment  could  not  correspond to the  exact  point  of maximm stress. 
Same  appreciation of haw  serious  these  stress  values  are may be  had 
by  noting  that  steel  blades  have an endurance  limit  of  about 44,000 
pounds  per  square inch under superkposed centrifugal 10adiIlg. 

* 

From this  invest€gation.to  determine  the  effects of various pat- 
terns of inlet-alr  distortion  qn  the perfomance of a modern  axlal-flow 
turbojet e w e  (equipped with variable-position  inlet  guide  vanes),  it 
was found  that  the  performance  .of  the  cambustor  and  turbine was not ap- 
preciably  affected.  Percatagewise,  the  pressure  distortions  were  re- 
duced markedly ~JI passing through the cmpressbr; however,  the  distor- 
tions  created  temperature  gradients  that  persisted  throughout  the  tur- 
bine.  The  canpressor  characteristics  were,  however,  affected  by  the 
inlet  distortion,  particularly  for  the  radial  and  inverse  distortions 

W&B operated  with  open  inlet guide vanes.  The radial 
distortion low pressure  at  hub}  increased  the  speed  at  which  rotating 
stall was present,  whereas  the  inverse  distortion (low pressure  at  tip) 
had the  opposite  effect. Also, the  radial  distortion  produced  surge  at 
steady-state  conditions  with  the guide vanes  open;  however,  this limi- 
tation will normally be  avoided  by  the  inlet-guide-vane  schedule  used. 
The  behavior  of  mixed  distortions was governed  by  the  radlal  pressure 
variation  rather than the circumferential  variation in pressme. 

- 
7 
E4 

when the “T- 

In regard to over-all  engine  performance,  the maximum effect  of  the 
distortions  studied on net thrust (exclusive  of  inlet  duct  losses) was a 
lkpercent reduction.  This  reduction was primarily due  to a decrease in 
engine  speed  which was necessary  to  avoid  excessive  local  turbine gas 
temperature *en operating with distortion in the  engine  air  flow.  The 
amounts  of derating reqpired  to  ensure  safe  turbine  operation  were  con- 
siderably  different on the  two  engines (of the same make  and model) used 
in  this  study.  Hence  the  derating of 14 percent  must  be  regarded only 
as an indication of the  seriousness  of  the  problem of air  distortion. 

The mEwdmum measured  value of first-stage  rotor-blade  vibratory 
stress  increased *can d5, OOO to f27,OOO pounds  per  square inch as a 
result of distortion;  however,  these  stress  values  are Mthin the  en- 
durance limit of the blade  material  used.  Rotating  stall was found  to 
be  the  source  of  excitation  of  the high stress values measured. 

Lewis Flight Propulsion  Laboratory 
National  Advisory  Cormittee  for  Aeronautics 

Cleveland,  Ohio,  April 21, 1955 
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APPENDIX A 

. 
SmOLs 

. " 

The following smboli are used in t h i s  report: 

A area, sq ft 

FJ j e t  thrust, lb 

Fn net t h r u s t ,  lb 

g gravitational  constant, 32.2 f't/sec 2 

H enthalpy,  Btu/lb 

K dimensional constant, Ft 2 -6ec 
lb 

M 

N 

P 

P 

R 

T 

6 

k c h  number . . .  

engine  speed, w . "  . .  .. - ,_ . 

total.  pressure, lb/sq ft abs 

static pressure'; -.lb/sq f% ab6 

gas constant, 53.3 fi-lb/(lb) (%) 

total temperature, 92 

indicated temperature, OR 

static  temperature, OR 

velocity,  ft/sec 

sir flow, lb/sec 

fuel flow, lb/hr 

gas f l o w ,  lb/sec 

ratio of specifk heats for gases 
. .  .. .. . 

ratio of engine-fnlet total pressure to absolute static  pressure 
o f  NACA standard atmosphere  at  sea  level 

I 

~ I.. " 

. " 

" - 
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w m 
tp 
f b  

qC compressor  adiabatic  efficiency 

8 ratio of absolute --inlet total temperature to absolute  static 
temperature of NACA standard atmosphere st 6ea level 

' cp flow coefficient 

$ pressure  coefficient 

d 

e 
! 
a3 
P - 
M 
I ef 

f 

Q 

i 

is 

2 

t 

U 

V 

0 

1 

2 
* 

3 

average 

distorted 

equivalent 

effective 

fuel 

@;as 

indicated 

isentropic 

Jet 

l o c a l  

turbine 

undistorted 

vena cantracta 

free-stream  conditions 

engine W e t  (aha of screens) 

compressor inlet 

compressor  outlet 
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4 combustor inLet 

5 turbine inlet 

6 turbine outlet 

7 exhaust-nozzle M e t  

NACA RM ES5A04 

" 
. " 
. " 

8 exhaust-nozzle mtlet 
3 

.. 

U J  
M 
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Flight  Mach  number. - Because  it was desired to determine  the  ef- 
fects  of  distortion on the  internal  performasce  of  the  engine  itself 
(ignoring  losses  associated  with ram recovery in the  inlet  duct),  the 
performance in all  cases  is  canpared  at a ccnmnon  arithmetic  average 
pressure  at  the  compressor  inlet,  station 2 (behind  the  blockage 
screens). The equivalent  flight Mach number was determined flrcm this 
average  pressure  and  the  simulated  altitude  pressure  in  the  test  cham- 
ber po by use of the qression 

Equivalent  temperature. - Equivalent  static  temperature was deter- - mined from mbient static  pressure  and  engine-inlet total pressure  and 
temperature : 

Airspeed. - The  following  equation was used  to  calculate  airspeed: 

~ 0 , e  = %,e 4- 
Temperature. - 

temperatures by the 
Total temperatures were 
following relation: 

determined f’rm indicated 

&ere 0.85 was taken as the recovery  factor for the  thermocouple  used. 
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Air flow. - With uniform pressure  at  the engine inlet,  the  engine 
air flow was detedned: Prom pressure and tenipeGture  measurement13  at 
station 1 at the engine  inlet  and frm the following equation: 

" 

- b  

With  the  screens  installed  (as shown in fig. 3) it m e  fm that 
even  though air-flow measuring-instrumentattcm was installed 10 inches 
upstream of the  screens,  the  air-flow  data  were  not reliable due to 
static-pressure gradients produced by the damming action of the screem. 
Accordingly,  air flow wfth the distortions was determined from the  ef- 
fective  flow  area of the  turbine  nozzles. This effective f l o w  area was 
determined fYam the  relation 

where 

by using data fo r  the engine with no distortion. The turbine-inlet tem- 
perature was calculated from the  measured  temperature at the  turbine 
outlet  and  the  enthalpy  rise across the cmressor. Reynolds number ef- 
fects on the effective area were taken irrto  account by the use of data 
for  an identical  Reynolds number index in the  preceding equation. The 
corrected air f iow for the distorted  cases was then obtained by uefng 
this same  expression and the  effective  turbine  area. 

Gas flow. - The weight f l o w  of  gas leaving the exhaust nozzle wa6 
calculated  as follows: 

. 

. . .. 

." . 
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c 

Net  thrust. - Net thrust -was obtaised by determining the  jet  thrust 
and subtracting  the mmentum that  the  inlet a i r  would have  in  flight. 
Jet thrust was based on rake  measurements i n  the  tail  pipe and is  given 
by 

In a perfect  converging  nozzle, 

where  Vv, %, and p, are the velocity,  area, and static  pressure,  re- 
spectively, at  the vena contracta.  Net  thrust is then given  by 

6 Campressor  efficiency. - Adiabatic  efficiency of the  canpressor was 
based on average  values  of  pressure and temgerature  before and after  the 
campressor  with the use of the following equation: 

where  enthalpy values were  obtained fram standard tables. 

2. Walker, Lewis E., Conrad, E. William, and Prince,  William R.: Ef- 
fect of Uneven Air-Flaw Distribution  to  the Twin Inlets of an 
Axial-Flow Turbojet Engine. NACA RM E52KO6, 1953. 

3. Walker,  Curtis L., Sivo,  Joseph N., and Jansen, mert T.: Effect of 
Unequal Air-Flow Distrfbution f'rm the Twin W e t  Ducts on Perform- 
ance of an Axial-Flow Turbojet  Engine. NAW RM E54El3, 1954. 
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4. Huntley, S .  C., Sivo,  Joseph N., and Walker, Gurtis L.: Effect of 
Circumferential  Total-Pressure  Gradients mica1 of Single-Inlet 
Duct  Installations on Performance of an Axial-Flow  Turbojet Eh- 
gine. NACA RM ES4K26a, 1955. - 

4 

5. Kaufman, Harold R., and Dobson,  Wilbur F. : Performance of YJ73-GE-3 
Turbojet m i n e  in Altitude Test Chamber. NACA RM E54F22, 1955. 

6. Rarry, David P., 111, and Lubick,  Robert 3 . :  =et-Air  Distortion 
Effects  on S t a l l ,  Surge, and Acceleration W g i n  o f  a Turbojet 
w i n e  EQuippea  wlth  Variable  Compressor M e t  Guide Vanes. NACA 
RM E54K26, 1955. 

" 3 -  
M 

7. Wallner, Lewis E., and  Lubick,  Robert J.: Steady-State and Surge 
Characteristics of a Compressor Equipped with Vmiable Inlet 
Guide  Vanes  Operating in a TurboJet wine. NACA RM E54128,  1954. 

" 

8. Budinger,  Ray E., and Kauf'man, W o l d  R.: Investigation of the Per- 
formance of a Turbojet w i n e  with Variable-Position  Canpressor 
M e t  Guide V a n e s .  IBCICA RM E54L23a, 1955. 
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Figure 2. - Altitude chamber with engine installed in test section. 
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(c) Compressor outlet. 

Figure 4. - Concluaea. 
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. 
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1.1 

1.0 

.9 

(a) Circumferential distortfons. 

Annulus height, percent 

(b) R a d i a l  and inverse'uatortions. 

Figure 5 .  - Pressure profiles at compressdr inlet. Inlet guide 
vane6 open; rated corrected wfne speed; a l t i tude ,  35,W feet.  
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Figure  6. - Variation of distortion with engine speed. Inlet guide vanes open; alti- 
tude, 35,000 feet. 
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(a) Compressor inlet. 
1.07 

1.03 

-99 

.95 
-a 
B (b) Compressor outlet. 

1.07 

1.03 

.99 

.95 
c 

Circumferential position, deg 

(c) Turbine outlet. 

Figure 7 .  - Typical effects of circumferential distortion on preeeure and 
temperature patterns. Rated engine speed) rated exhmmt nozsleJ open 
Inlet gulde vanes. .- 
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1 (b CourpressDr outlet. 
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Passage height, percent 

(c) Turbine outlet. 

Figure 8 .  - Typical efYect8 of radial an6 fnverse distortions on pressure 
and temperature patterns. Rated engine speed; rated exhaust nozzle; open 
inlet guide vanes. 
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(a) -tal pressure. - " (b) Inverse pressure. 
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Annulus height,  percent 

(c) Radial temperature. (d) Inverse  temperature. 

Figure 9. - Typical effects of radial and inverse  dietortions on 
compressor-interstage pressure and temperature. 
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Flow coefficient, cp 

(b) Inlet gufde vanes -closed. 

Figure 11. - Effecf of radial aid inverse-distortions on character- 
i s t i c s  of stage @roups 1 to 4. Altitude, 35,000 feet; f l ight  Mach 
number, 0.8. 
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(b) R a d i a l  distortion. 

Figure 12. - Effect of radial distortion on characteristics of stages 8 to 10. 
I n l e t  guide vanes open3 altitude, 35,000 feet; flight Mach m e r ,  0.8. 
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(a) Efflelency. Date taken i n  dlreoticm of lnareauing speed. 

. 

(b) Pir flow. Data taken ln dhection of increasing  speed. 

Figure 13. - Effect of radial, clrcumfer.entla1. and inverse dlatortlons on compressor etfiolency and 
air flow. Inlet guide vanes open; altitude, 35,OOO feet; flight Haoh number, 0 .8 .  
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(c) ETficiency. Eats talocn in direction of decrcasjng speed. 

(a)  Alr flcr. Deta taken in directloll of decreasing speed. 

Figure 13. - Conaluded. Effect of radial, ciraumferential. and inversc diUstortions on compressor 
effiuiency and air flow. Inlet @de vanes open; altitude, 35,000 feeti flight Haoh numbrr, 0.8 .  
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m x .  local temperature st turbine Atlet 
-ne-Inlet temperature 

(a) gngine I. 
Figure 15. - Effect of distortions 011 perfomance at maximum thrust RE 

limited br local temperatures a t  turbine outlet. Altitude, S5,OCxY 
feet; flight Mach number, 0.6.  

41 
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L 

(b) Engine -11. ." 

Figure 15. - Concluded. Effect of distortlone on performance at  maximum 
thrust  ae l i m i t e d  by local.temperature8 at turbine outlet .   Alt i tude,  
35,000 f ee t ;  f l i g h t  Flach number, 0.8: 
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Figure 16. - Effect of distortion on specif ic   fuel  consumption at a loiter  condition 
of 30 percent of rated  thrust  (na distortion).  
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Ca) steady-atate operation. 

54Qo 58a3 6200 66W 7400 7800 
W e  speed, r~m 

(b) R-ensient. operation. 

Figure 18. - Variation of relative e- frequency with rotor speed. Inlet guide vanes OF. 

. 
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(a) Steady-state operation. m e t  gui& vanes open. 

Figure 19. - Peak vibratory skress of first-stage rotor blade. 
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Engine speed, rpm 

(b) Transient operation. 

Figure 19. - Concluded. Peak vibratory stress of first-stage 
r o t o r  blade. 
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